INTRODUCTION
The increasing public awareness of the environmental, sustainability, economic, political and social implications of using fossil fuels, is contributing to influence the adoption of renewable energy technologies by a number of countries around the world. Climate change, the depletion of natural resources and the growing prices of fossil fuels and electricity are some of the issues that, if not addressed promptly, could have devastating consequences. Solar energy has a great potential in contributing towards satisfying the world's energy needs. One of the ways in which solar energy has been used in recent years, is in building integration applications [I] , in which elements of a solar photovoltaic (PV) system are used to replace parts of the structure of a building. These applications are particularly relevant as commercial and residential buildings are responsible for between 20% to 40% of the energy
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978-1-4673-6075-3113/$31.00 ©2013 IEEE consumption worldwide [2] . These figures are projected to experience an upward trend with an increase in the world's population, a growth in building services and comfort levels as well as a rise in the time spent in a building [2] . For this reason, governments worldwide are looking to design green buildings that can be energy efficient and can independently generate energy.
To help reduce the cost of Building Integrated Photovoltaic (BIPV) systems, the incorporation of optical concentrators has been proposed [3] . Concentrated Photovoltaic (CPV) systems use inexpensive optical devices to concentrate light. Optical concentrators increase the irradiance at a photovoltaic cell by redirecting light rays impinging on their largest aperture to a smaller exit aperture to which the PV cell is attached [4] . Some of the benefits of CPV systems include: a reduction in total cost of the system due to minimal usage of expensive PV material and a higher electrical output due to the increase in solar flux intensities at the solar cell [3 ] - [ 6] .
Since the 1970s, there have been various CPV designs proposed by researchers worldwide [5] - [12] . This paper proposes a new type of solar concentrator, the RADTIRC, for use in BIPV systems.
II. RADTIRC DESIGN
The RADTIRC, illustrated in Figure 1 , is a new type of Dielectric Totally Internally Reflecting Concentrator (DTIRC) which, in contrast to the traditional rotational axis symmetrical DTIRC proposed by Ning et al. [15] , has different acceptance angles on different planes [13] , [14] .
The RADTIRC design has been evolved from the DTIRC phase conserving method (PCM) [15] . The process to generate this design is explained in detail in Muhammad-Sukki et al. [13] and Ramirez-Iniguez et al. [14] . Unlike the 3-D rotationally symmetric DTIRC whose entrance aperture is normally a semi-hemispherical dome, this design has a sectored front surface with four axis of mirror symmetry (see Figures 1 (a) and l(d)). The shape of the entrance aperture and of the concentrator profile change depending on the selection of input parameters. These parameters include: the desired acceptance angles on both planes orthogonal to the axis of the concentrator, the length of the PV cell, and the index of refraction of the concentrator material [14] .
Another important characteristic of this concentrator is that it has a square exit aperture that facilitates the incorporation of a square PV cell. This is an important consideration with regards to the manufacturing process, as identified by Sellami and Mallick [16] .
III. RADTIRC CHARACTERISTICS
The RADTIRC has been tested both indoors and outdoors for characterisation and evaluation purposes. For the indoor tests, the current-voltage (I-V) and power-voltage (P-V) characteristic of the RADTIRC-cell system were obtained and compared to those of a bare PV cell using a Sun 2000 solar simulator (Class AAA, AMl.5G) from Abet Technologies, an I-V test system (including a Keithley 2400 source meter) and a personal computer running National Instruments® software. The bare PV cell and the PV cell attached at the back of the optical concentrator are of the same type and have dimensions of 1 x 1 cm. An index matching gel was used between the PV cell and the concentrator for mechanical attachment and to prevent unwanted reflections.
The I-V characteristic and the P-V characteristic of the RADTIRC and of a bare solar cell are presented in Figure 2 . The experimental results show that the RADTIRC causes the short circuit current of the PV cell to increase by a factor of 4.2, from 37.4 rnA to 157.7 rnA. Similarly, the maximum power is also increased by more than a factor of four, from 17.3 mW to 79.7 mW. The RADTIRC manages to increase the fill factor slightly from 78.5% to 79.7%.
The angular response and optoelectronic gain of the concentrator have also been investigated and are presented in Figure 3 . The optoelectronic gain is obtained by dividing the short circuit current generated from the RADTIRC-PV cell structure, by that of a solar cell without a concentrator [13] . In order to verify the vanatlOn of gain with the angle of incidence, a variable slope base is used to tilt the concentrator PV cell structure (or the PV cell) by the required angle. The measurements of the voltage and current are taken for an angle of inclination from 0° to 50° with intervals of 5°. From each set of measurements, the open circuit voltage (Voc), short circuit current (Isc), maximum voltage (�Ilax), maximum current (Imax) and maximum output power (Pmax) are determined and calculated.
The maximum readings of both the short circuit current and the maximum power of the RADTIRC are observed at 0° inclination, with a reading of 146 rnA for the short circuit current and 72 m W for the maximum output power. When the tilt angle is increased, each parameter shows a gradual decrease. The output from the RADTIRC reaches 90% of its peak value (131.5 rnA for the short circuit current and 64.8 mW for the maximum power) when the angle of incidence along the x-z plane is ±12°. For the measurement along the x axis, the readings of these two parameters drop to about 40% of their peak value (66 rnA and 30 mW) when the inclination angle is equal to the acceptance angle (±300) along the first plane perpendicular to the concentrator axis. For the measurement along the z-axis, the readings of these two parameters drop to about 20% of their peak value (33 rnA and 14 m W) when the inclination angle is equal to the acceptance angle (±400) along the 2n d plane perpendicular to the concentrator axis.
To obtain the optoelectronic gain of the concentrator, the RADTIRC's short circuit current is divided by the bare solar cell's short circuit current. The results for a variety of angles of incidence are plotted in Figure 3 and compared to the results obtained from software simulations (performed in ZEMAX®). Here, it can be observed that within the acceptance angles of the RADTIRC, the optoelectronic gain is always higher than 1.2 when compared to the flat solar cell. It can also be observed that the experimental peak value at normal incidence is 4.17. The corresponding peak value from the software simulations, on the other hand, is 4.59; a deviation of about 9%. In addition, the results show good agreement between the experimental results and those obtained from the software simulations. Some of the possible reasons for the slight vanahon between the experiment and the simulation values include: manufacturing errors, such as uneven surfaces of the entrance aperture and over polishing on the profile of the side wall, misalignment between the exit aperture of the concentrator and the solar cell, and unwanted reflections from the front surface of the RADTIRC.
CONCLUSIONS
Optical concentrators offer the possibility of reducing the capital cost of BIPV systems, and therefore, of improving the penetration of solar PV, and contributing to reduce CO2 emissions.
A new family of DTIRCs, named RADTIRC, has been created for use in BICPV systems. These novel concentrators, which can be designed for different fields-of-view on different planes, and for square (or rectangular) PV cells, cater for the variation of the position of the sun with respect to a building throughout the day and for the variation of the elevation of the sun throughout the year, allowing for a reduction of the PV cell material used. In addition, the fact that the cross-sectional view of the entrance aperture is not square implies that, when an array of concentrators is used, an undistorted view of the surroundings can be observed through the gaps between the optical concentrators. In addition, the gaps between the concentrators plus the light refracted from the profile of the concentrator at angles of incidence beyond the acceptance angle, contribute to the natural illumination of the building, which contributes to reducing the energy consumption from artificial light.
One particular design of an RADTIRC has been chosen to undergo a series of test. These have been conducted to investigate the optoelectronic performance of an RADTIRC PV cell structure. The I-V and the P-V characteristics of the RADTIRC have been evaluated and compared with a typical flat solar cell indicating a maximum optoelectronic gain of 4.2x. The angular response obtained from the tests shows good agreement with the one obtained from the software simulations. It can be concluded that the RADTIRC has the capability to increase the electrical output of a solar panel when compared with a traditional solar cell, with small variations due to errors in the prototype manufacturing process, unwanted reflections at the concentrator entrance aperture, and slight misalignments between the concentrator exit aperture and the PV cell.
Future research with regards to this project includes the annual performance analysis of a larger scale prototype.
